The electrophysiological characteristics of unmodified, postnatal gonadotropin-releasing hormone (GnRH) neurons in the female mouse were studied using whole-cell recordings and single-cell RT-PCR methodology. The GnRH neurons of adult animals fired action potentials and exhibited distinguishable voltage-current relationships in response to hyperpolarizing and depolarizing current injections. On the basis of their patterns of inward rectification, rebound depolarization, and ability to fire repetitively, GnRH neurons in intact adult females were categorized into four cell types (type I, 48%; type II, 36%; type III, 11%; type IV, 5%). The GnRH neurons of juvenile animals (15-22 d) exhibited passive membrane properties similar to those of adult GnRH neurons, although only type I (61%) and type II (7%) cells were encountered, in addition to a group of "silent-type" GnRH neurons (32%) that were unable to fire action potentials. A massive, action potential-independent tonic GABA input, signaling through the GABA A receptor, was present at all ages. Afterdepolarization and afterhyperpolarization potentials (AHPs) were observed after single action potentials in subpopulations of each GnRH neuron type. Tetrodotoxin (TTX)-independent calcium spikes, as well as AHPs, were encountered more frequently in juvenile GnRH neurons compared with adults. These observations demonstrate the existence of multiple layers of functional heterogeneity in the firing properties of GnRH neurons. Together with pharmacological experiments, these findings suggest that potassium and calcium channels are expressed in a differential manner within the GnRH phenotype. This heterogeneity occurs in a development-specific manner and may underlie the functional maturation and diversity of this unique neuronal phenotype.
The gonadotropin-releasing hormone (GnRH) neurons are thought to represent a functionally discrete population of cells that control mammalian fertility by regulating the secretion of gonadotropic hormones from the pituitary gland. Despite their clear importance in the survival of mammalian species, relatively little is known about their molecular properties and even less information is available on their electrophysiological characteristics. This has resulted principally from the scattered distribution of the GnRH cell bodies within the basal forebrain, which has made their investigation in situ extremely difficult. Because these neurons secrete GnRH in a pulsatile manner (Levine et al., 1991) , important questions exist about the basic membrane properties of these neurons, as well as the mechanisms of pulsatility and synchronicity within the GnRH neuronal network as a whole. It also remains unclear whether the GnRH population is indeed a functionally homogenous population, as is assumed for other neuroendocrine phenotypes.
Recent studies using GnRH promoter transgenics to target the GnRH phenotype in the mouse (Pape et al., 1999; Skynner et al., 1999a; Spergel et al., 1999; Simonian et al., 2000; Suter et al., 2000) have provided one avenue through which the molecular and electrical nature of GnRH neurons can be addressed in their native environment. In the course of our own studies on fluorescent GnRH neurons in transgenic mice, we found that this phenotype could, in fact, be recognized on a topographical and morphological basis in a relatively reliable manner. Thus, by combining visual identification with post hoc single-cell RT-PCR characterization, we were able to demonstrate that approximately one-half of neurons selected on the basis of their location and morphology contained GnRH transcripts and therefore were GnRH neurons (Skynner et al., 1999b) . Although somewhat more laborious, this approach does have the great benefit of avoiding any potential confounding effects of fluorescence and/or transgene expression in GnRH neurons.
In the present study, our goal was to provide a characterization of the basic membrane properties of native, unmodified GnRH neurons in the female mouse. The GnRH neurons transcend from what is believed to be a relatively quiescent state to one of episodic cyclical activity at puberty (Ojeda and Urbanski, 1994) . Thus, we also compared the electrophysiological characteristics of juvenile and adult GnRH neurons to try and elucidate any fundamental electrophysiological differences that might underlie their functional maturation. On the basis of the responses of GnRH neurons to hyperpolarizing and depolarizing current injection, we have found that this neuronal phenotype does not exhibit a single electrophysiological profile but that, surprisingly, up to four different types can be identified. Furthermore, we provide evidence that the prevalence of the various cell types changes across the time of puberty, as may the levels of functional calcium channels. Such observations indicate that multiple levels of functional heterogeneity exist in a development-dependent manner within the GnRH phenotype of the mouse.
MATERIALS AND METHODS
Preparation of brain slices incorporating GnR H neurons. All female mice (CBA /C axC57BL /6J) were bred and housed (lights on at 7:00 A.M. and off at 7:00 P.M.) at The Babraham Institute and treated in accordance with UK Home Office regulations under project 80/1005. Vaginal smears were taken on a daily basis to identif y adult female mice at diestrous or estrous stages of the ovarian cycle. Between 9:00 and 11:00 A.M., juvenile (postnatal day 15-22) and adult (day 50 -70) female mice were anesthetized with isoflurane-RM (Rhone Merieux, Harlow, UK) and decapitated, and their brains were rapidly removed and placed in ice-cold bicarbonate-buffered artificial C SF (AC SF) of the following composition (in mM): 118 NaC l, 3 KC l, 0.5 C aC l 2 , 6.0 MgC l 2 , 11 D-glucose, 10 H EPES, and 25 NaHC O 3 (pH 7.4 when bubbled with 95% O 2 and 5% CO 2 ). Brains were blocked and glued with cyanoacrylate to the chilled stage of an Oxford Vibratome (General Scientific, Redhill, UK), and 150-m-thick coronal slices containing the medial septum through to the preoptic area were prepared. The slices were then incubated at 30°C for 30 min in oxygenated recording AC SF (rAC SF) consisting of (in mM): 118 NaC l, 3 KC l, 2.5 C aC l 2 , 1.2 MgC l 2 , 11 D-glucose, 10 H EPES, and 25 NaHC O 3 , pH 7.3, and thereafter kept at room temperature (20 -23°C) for at least 1 hr before recording.
W hole-cell recording of GnR H neurons. Slices were transferred to the recording chamber, held submerged, and continuously superf used with rAC SF at a rate of 6 ml /min. The slices were viewed with an upright Axioskop FS microscope (C arl Z eiss, Jena, Germany) with a 40ϫ immersion objective (Achroplan 0.75W, Ph2, Z eiss), giving a total magnification of 640ϫ and Normaski differential interference contrast optics. To aid visualization of neurons, a CCD camera (Sony Corporation, Tokyo, Japan) was mounted on the microscope and connected to a monochrome monitor (Panasonic). All recordings were made at room temperature (20 -23°C). Patch pipettes were pulled from thin-walled borosilicate glass capillary tubing (1.5 mm outer diameter, C lark Electromedical, Reading, UK) on a Flaming / Brown puller (P-97; Sutter Instruments Co., Novato, CA). Pipette tips were coated with either Sylgard resin (Dow Corning 184) or a wax pen (Dako, Glostrup, Denmark) and fire-polished to a final resistance of 6 -12 M⍀. The pipette solution was passed through a disposable 0.22 m filter before use and contained (in mM): 140 KC l, 1 C aC l 2 , 1 MgC l 2 , 10 H EPES, 4 MgATP, 0.1 Na 2 GTP, 10 EGTA, with pH adjusted to 7.3 with KOH. The reference electrode was a glass bridge containing 4% agar-saline, of which one end was placed in the recording chamber and the other end in a 3 M KC l-containing side chamber connected to ground, via an Ag /AgC l pellet.
Whole-cell recordings were performed as described previously (Hamill et al., 1981) using an Axoclamp-2B amplifier (Axon Instruments, Foster C ity, CA) operating in bridge mode. Bridge balance was checked frequently because of changes in series resistance. Current and voltage were simultaneously generated and sampled on-line using a Digidata 1200 (Axon Instruments) interface connected to an I BM PC /AT clone. Signals were filtered (0.3-10 kHz, Bessel filter of Axoclamp-2B) before digitizing at a rate of 5 kHz. Acquisition and subsequent analysis of the acquired data were performed using the "pC lamp6" suite of software (Axon Instruments). In addition, current and voltage signals were recorded simultaneously onto a chart recorder (Gould TA 240, Valley View, OH) and DAT recorder (DTR 1204, Biological Sciences, C laix, France). Traces and voltage -current curves were plotted using "Origin 5" computer software (MicroC al Software, Northampton, M A).
After recordings of up to 1 hr duration, the cytoplasmic contents of the recorded neuron were harvested under visual control, and single-cell RT-PCR was used to examine for the presence of GnRH transcripts as reported previously (Skynner et al., 1999b) . Five juvenile GnRH neurons exhibiting a silent-type electrophysiological profile were also assessed for the presence of GFAP transcripts, again exactly as detailed previously (Skynner et al., 1999b) . As controls, the contents of cells located outside the distribution of the GnRH neurons were harvested and processed for GnRH RT-PCR, as were the contents of electrodes placed in the slice but not used to harvest cellular contents (mock harvests).
Determination of membrane properties. Input resistance and membrane time constants of neurons were estimated from small (0.02-0.1 nA, 100 msec duration) hyperpolarizing steps from resting membrane potential. Passing brief (20 -30 msec) duration current pulses through the recording electrode generated single action potentials. Parameters such as spike amplitude, spike threshold, spike overshoot, and duration were measured and given as mean Ϯ SEM. Spike duration was measured as two-thirds of the amplitude from baseline to peak. Afterhyperpolarizing potentials were characterized as those found to occur immediately after depolarization. Statistical analysis was undertaken by ANOVA with post hoc two-tailed t tests.
All drugs and reagents were applied via the superf using AC SF solution. Solutions were switched manually by means of a six-way tap, ensuring that the bath was completely exchanged with control solution between drug application (ϳ20 sec). Unless stated otherwise, all reagents were purchased from BDH /Sigma (Poole, UK). The drugs used were 4-aminopyridine (4-AP; Sigma), barium chloride (BaC l 2 ; Sigma), bicuculline methobromide (Tocris, Bristol, UK), cadmium chloride (C dC l 2 ; Sigma), tetraethylammonium chloride (TEA-C l; Lancaster Synthesis), and tetrodotoxin (Alexis Corporation, San Diego, CA).
RESULTS

Identification of GnRH neurons
Using thin slices of the forebrain, neurons of ϳ10 m diameter that exhibited a bipolar-type morphology with a vertical orientation were identified within the medial septum and rostral preoptic area ( Fig. 1 A) . Post-recording characterization with single-cell RT-PCR ( Fig. 1 B) revealed the presence of GnRH amplicons in 82% (31/38) of morphologically identified neurons in juvenile animals compared with 63% (44/69) of similarly identified cells in the adult mouse. The visualization of putative GnRH neurons was greatly facilitated by the lack of extensive fiber tracts in the brain of juvenile mice. No GnRH transcripts were detected in the cell contents of neurons harvested from outside the medial septum and rostral preoptic area, or in "mock harvests." The 213 bp amplicon product ( Fig. 1 B) resulting from RT-PCR has been shown previously to represent authentic murine GnRH-I cDNA (Skynner et al., 1999b) . Although providing positive amplicons with hypothalamic cDNA, the GFAP primers failed to detect any GFAP transcripts in the five silent-type GnRH neurons recorded in juvenile mice. In our hands, the post-recording identification was found to be dependent on the length of our recording; long (Ͼ75 min) recordings invariably resulted in no transcripts being detected. We therefore established a recording window of Յ1 hr to ensure the detection of GnRH transcripts in recorded GnRH neurons.
General membrane properties and spontaneous activities of GnRH neurons
Using the whole-cell configuration, the resting and active membrane properties of juvenile and adult GnRH neurons were examined in bridge mode. Resting membrane potentials were determined immediately after the rupture of the cell membrane and juvenile GnRH neurons found to have a mean resting potential of Ϫ65.4 Ϯ 1.5 mV (n ϭ 31). Adult GnRH neurons displayed resting membrane potentials of a comparable range, with a mean value of Ϫ69.2 Ϯ 1.1 mV (n ϭ 44) ( Table 1 ). We also found that the input resistance, membrane time constant, spike threshold, and action potential characteristics of juvenile and adult GnRH neurons were not significantly different (Table 1) . In total, 27 of the adult GnRH neurons were from diestrous mice, and 17 were from estrous animals. With the single exception of action potential duration, which was significantly greater in diestrous mice ( p Ͻ 0.05), no differences were detected in the intrinsic membrane properties of adult GnRH neurons at these stages of the estrous cycle (Table 1) .
Approximately 80% of adult (34/44; 77%) and 60% of juvenile (18/31; 58%) GnRH neurons were found to be spontaneously active under symmetrical chloride ion recording conditions (Fig.  2) , with firing rates ranging from 0.02 to 6.5 Hz (adult, 0.9 Ϯ 0.4 Hz; juvenile, 0.4 Ϯ 0.1 Hz). The addition of TTX (0.5 M) to the bathing medium revealed that the great majority of this activity was action potential independent and thus spontaneous in nature (Fig. 2 ). Further addition of bicuculline (10 M) almost completely abolished these spontaneous events ( Fig. 2 ) in both adult (n ϭ 6) and juvenile (n ϭ 5) GnRH neurons. Indeed, bath application of bicuculline alone (without preapplication of TTX) was able to abolish almost all spontaneous events (data not shown). The effects of TTX and bicuculline were reversible on washout ( Fig. 2) , whereas complete recovery from compounds was dependent on the period of their exposure to the slices.
Electrophysiological characteristics of adult GnRH neurons
The families of electrotonic potentials evoked in individual adult GnRH neurons in response to short (20 -30 msec duration) and long (200 msec) duration intracellular current pulses were found to be heterogeneous (Fig. 3) . The most striking difference was observed in response to 200 msec hyperpolarizing current pulses where four main profiles (types I-IV) were consistently observed ( Fig. 3 ; Table 2 ). The most abundant GnRH neurons (type I, 48%) exhibited a linear-type voltage relationship in response to hyperpolarizing current pulses (Fig. 3A) , whereas in type II cells (36%) this linear relationship was not maintained with larger hyperpolarization and resulted in "runaway" of the voltage transient and the generation of negative-going spike (Fig. 3B ). In the other two populations of adult GnRH neurons, negative current pulses evoked inward rectifying conductances with properties of either the anomolous rectifier (type III, 11%) (Fig. 3C) or I Q / H (type IV, 5%) ( Fig. 3D) , with mixed permeability for sodium and potassium rectification (Halliwell and Adams, 1982; Rudy, 1988; Pape, 1996) . Rebound depolarization was observed after the termination of the hyperpolarizing steps in all cell types, except for type II (Fig. 3B) , where it was never detected. The final distinguishing feature of the four cell types was observed in their response to 200 msec depolarizing current pulses where trains of fast action potentials, varying in their frequency of firing, were observed in cell types I, II, and IV, whereas cell type III displayed an initial fast action potential followed by trains of smaller and slower spikes (Fig. 3C) . The short duration stimulation evoked single action potentials that displayed afterspike depolarizing potentials (ADPs) of varying amplitude and duration as well as AHPs (Fig. 3) . Delayed AHPs were not observed in any GnRH neurons. Although AHPs became more noticeable when cells were held at depolarized potentials of Ϫ55 mV (data not shown), the presence of ADPs and AHPs were found only in subpopulations of all four cell types at their resting membrane potential ( Table 2 ). The resting membrane potential, input resistance, membrane time constant, and action potential threshold and characteristics were not different among any of the cell types (Table 2) . Of the 17 GnRH neurons recorded from estrous mice, 65, 23, 12, and 0% were judged to be of types I, II, III, and IV, respectively, compared with the 37, 44, 11, and 8% categorization of GnRH neurons from diestrous mice (n ϭ 27).
Electrophysiological characteristics of juvenile female mice
Recordings from the 31 juvenile GnRH neurons revealed that the majority (n ϭ 19; 61%) exhibited firing properties similar to those of type I GnRH neurons in adult animals with a linear-type voltage response to hyperpolarizing current and rebound depolarization combined with sustained trains of fast action potentials to depolarizing current (Fig. 4 A) . A small population of neurons (n ϭ 2; 6%) displayed type II-like characteristics (data not shown). In terms of their intrinsic membrane properties, these juvenile GnRH neurons were not found to be different from the equivalent adult GnRH cell types (Table 2) . Surprisingly, however, the rest of the juvenile GnRH neurons (n ϭ 10; 32%) failed to fire action potentials, regardless of the amplitude of depolarizing current pulses (up to 0.5 nA), and were thus termed silent cells (Fig. 4 B) . These silent cell types displayed a range of rectification in response to hyperpolarizing current pulses as seen in types I-III (e.g., type II in Fig. 4 B) . Indeed, their intrinsic properties differed from firing cells only in their mean input resistance, which was very much lower at 0.60 Ϯ 0.4 G⍀ ( p Ͻ 0.05) ( Table 2) . Current-voltage relationship plots of these neurons revealed strong outward and inward rectification (Fig. 4 B) .
Although the percentage of juvenile GnRH neurons (33%) that displayed ADPs was similar to that of adults (36%), many more juvenile GnRH neurons (38%) were found to exhibit AHPs (Fig.  4 A) compared with adult GnRH cells (7%) ( Table 2 ).
Effects of ion channel blockers on the excitability of GnRH neurons TTX
Adult GnRH neurons were found to fire Na ϩ -dependent action potentials, because 0.5 M TTX abolished evoked action potentials in all cells tested (n ϭ 40) (Fig. 5A) . In response to incremental increases in depolarizing current pulses in the presence of TTX, a strong outward rectification was observed with the concomitant unmasking of a hyperpolarization "notch" at the beginning of the voltage trace (Fig. 5A ). This likely represents the presence of the A-type potassium conductance (I A ) (Rudy, 1988 ). The corresponding current-voltage relationship measured at the end of the 200 msec current pulses showed that TTX had no effect on conductances evoked in the hyperpolarizing direction but had a marked rectification in the depolarizing direction, as revealed by the flat region positive to Ϫ50 mV (Fig. 5A) . The rebound depolarization spikes after large hyperpolarizing current pulses were also abolished, or occasionally attenuated, by TTX (Fig.  5A) .
The application of TTX to juvenile GnRH neurons also abolished fast action potentials and revealed the presence of a strong outward rectification (Fig. 5B) . Interestingly, this hyperpolarization notch could often be seen in juvenile GnRH neurons even without TTX (n ϭ 15) (Fig. 5B) . In many juvenile GnRH neurons (47%), the application of TTX also revealed the presence of repetitive Ca 2ϩ spikes (Fig. 5Ba) , which subsequently resulted in an increase in the amplitude of the AHP conductance (Fig. 5Bb) . Similar TTX-independent spikes were only observed in 15% of adult GnRH neurons (data not shown).
Tetraethylammonium
In several experiments, the effects of outward current blockers on GnRH neurons were examined (Fig. 6) . In both juvenile (n ϭ 2) and adult (n ϭ 3) GnRH neurons, 1 mM TEA was found to prolong the duration of the action potential and decrease cell excitability (Fig. 6 A) . No effect of TEA was observed on the resting membrane potential or on the amplitude of responses evoked with negative current pulses. However, in two silent-type GnRH neurons, TEA depolarized the membrane potential by 2 mV and also increased the amplitude of electrotonic potentials evoked with depolarizing current pulses. However, TEA had no effect in the hyperpolarizing direction on these cells (data not shown). Although TEA blocks a wide range of potassium con- ductances, the delaying of the repolarization phase in association with a decrease in cell excitability observed here would be most compatible with the blocking of a delayed rectifier (I K ) or large current (BK) calcium-activated potassium channel (Rudy, 1988) .
4-Aminopyridine
The application of 100 M 4-AP was found to increase adult GnRH neuron excitability (n ϭ 2) (Fig. 6 B) . This increase in excitability resulted from a decrease in spike latency and was observed as an increase in the frequency of spontaneous synaptic activities as well as evoked firing rates (Fig. 6 B) . This effect would be compatible with the blocking of an I A conductance (Rudy, 1988) . The addition of 4-AP (100 M) to two silent-type GnRH neurons was found to increase the amplitude of the electrotonic potentials evoked with depolarizing current pulses.
Barium
In four adult GnRH neurons, Ba 2ϩ applied at 100 M was found to increase cell excitability but either had no effect on membrane potential (n ϭ 3) or evoked a small 7 mV increase (n ϭ 1). The block produced by Ba 2ϩ on the amplitude of electrotonic potentials evoked with hyperpolarizing currents was uniform but also observed in the depolarizing direction, blocking outward rectifiers (data not shown). Of all the potassium channel blockers examined, Ba 2ϩ produced the most dramatic effects on the silenttype GnRH neurons found in juvenile animals; addition of BaCl 2 (100 M) produced membrane depolarization (ranging from 21-44 mV; n ϭ 3) concomitant with increases in resistance in both depolarizing and hyperpolarizing directions (Fig. 7) . The effects of Ba 2ϩ were readily reversed on washout (Fig. 7) .
Cesium
Addition of the potassium channel blocker CsCl at 100 M had little to no effect on the I-V relationship in type I neurons (n ϭ 2; data not shown). However, cesium (Cs ϩ ) produced a variable increase in the amplitude of the electrotonic potentials evoked with hyperpolarizing current pulses in types II, III, and IV GnRH neurons (n ϭ 5) (Fig. 8) . Indeed, it is well documented that the different inward rectifiers differ in their sensitivity to Cs ϩ , and in the case of type III GnRH neurons (Fig. 8 A) , where it had the most pronounced effect, it was both voltage and concentration dependent. The effect produced at 100 M concentration was effective only on more negative jumps but became more uniform at 300 M concentration (Fig. 7) . Cs ϩ had little effect on the excitability of GnRH neurons and was reversible on washout.
DISCUSSION
Most GnRH neurons in mammalian species exhibit a bipolar-type morphology with a distinct vertical orientation (Silverman et al., 1994) . As before (Skynner et al., 1999b) , we show that many of the neurons displaying these characteristics contain GnRH transcripts and therefore are GnRH neurons. The specificity of this procedure is further indicated by the absence of GnRH amplicons in both mock harvests and cells located outside the GnRH distribution. It is important to recognize, however, that GnRH neurons which do not display a clear bipolar morphology will not be sampled in our procedure. Thus, although our results should be representative of the majority of GnRH neurons, they may not necessarily reflect the entire population. Notwithstanding these caveats, the present procedure has provided the means for the first detailed electrophysiological analysis of native mammalian GnRH neurons while avoiding any potential confounding effects that may arise from the investigation of transgenically modified, fluorescent GnRH neurons.
Heterogeneity within the adult GnRH neuronal population
Immunocytochemical and in situ hybridization studies have reported heterogeneity in GnRH neuron morphology (Wray and Hoffman, 1986 ) as well as their expression of specific receptors, Figure 5 . The effect of tetrodotoxin (TTX ) on cell type I in adult and juvenile GnRH neurons. Families of voltage were evoked in adult GnRH (Aa) and in juvenile GnRH neurons (Ba) with 200 msec current pulses in control and in the presence of TTX. The corresponding voltage-current relationship obtained from the adult GnRH neuron (Ab) shows marked rectification with depolarizing pulses. Note the presence of an "A" notch (arrow) in the presence of TTX. Bb, Expanded traces in response to 0.06 nA depolarizing current pulse, showing that in the presence of TTX, calcium spikes are revealed. The insets illustrate the differences in the shape and duration of sodium (no TTX) and calcium (in TTX) spikes. The resting membrane potential is Ϫ74 mV in cell A and Ϫ74 mV in cell B.
immediate early genes, and neuropeptides, including GnRH itself (Hiatt et al., 1992; Merchenthaler et al., 1993; Porkka-Heiskanen et al., 1994; Wang et al., 1995; Gore et al., 1996; Simonian et al., 2000) . We now provide direct evidence for functional heterogeneity in the basic membrane properties of these neurons. Most strikingly, the types III and IV GnRH neurons were found to display strong inward rectification to hyperpolarizing current pulses that were indicative of the presence of I IR and I Q / H , respectively. Experiments with Cs ϩ provided further support for I IR -type potassium channels in type III GnRH neurons, as well as their less prominent existence in types II and IV cells. In contrast, type I GnRH neurons did not exhibit any inward rectification. Further distinguishing characteristics of the different cell types were the inability of type III GnRH neurons to fire repetitively in response to a depolarizing current and the absence of rebound depolarization in type II cells. This latter phenomenon suggests the likelihood of lower levels of functional T-type Ca 2ϩ channels (Huguenard, 1996) in type II GnRH neurons compared with the others.
We were also able to demonstrate the presence of the I A potassium conductance in GnRH neurons, although no particular relationship with the different cell types was found. In a similar manner, the ADP and AHP conductances were also found to exist in all four of the GnRH cell types but, interestingly, only in subpopulations of each. Calcium entry through N-type Ca 2ϩ channels has been proposed to underlie the AHP, whereas entry through P/Q-and T-type Ca 2ϩ channels is thought to be responsible for generation of ADP (Kobayashi et al., 1993; Sim and Allen, 1998) . Together, these observations in native GnRH neurons indicate the existence of multiple layers of f unctional heterogeneity within the GnRH phenotype. At one level, there appears to be diversity in the levels of expression of different C a 2ϩ channels, although at another, this involves differential expression of channels underlying the I IR and I Q / H conductances.
Previous electrophysiological studies have demonstrated the presence of I K , I A , and I IR , as well as low-and high-thresholdactivated calcium conductances, in immortalized GT1 cells (Bosma, 1993; Hales et al., 1994; Van Goor et al., 1999a,b) and cultured embryonic GnRH neurons of the mouse (Kusano et al., 1995) . Although detailed information on the basic membrane properties of green fluorescent protein (GFP)-expressing GnRH neurons is not yet available, it is interesting to note that outward potassium currents indicative of I A and I K conductances were reported by Spergel and colleagues (1999) . However, our observation of fast AHPs in only a minority of GnRH neurons is at odds with its presence in all GFP-GnRH cells (Spergel et al., 1999) . The reasons underlying this difference are not clear, but it is worth noting that the GFP-GnRH neurons had much lower resting membrane potentials (Ϫ55 Ϯ 4 mV), and this would likely enable greater calcium entry on depolarization and facilitate the AHP conductance. Also, the GFP-GnRH neurons analyzed were obtained from a range of 1-to 24-week-old male and female mice. It is important to note, however, that GnRH neurons in the ovariectomized guinea pig (Lagrange et al., 1995) also express I Aand I IR -type potassium currents and, interestingly, appear similar to the GnRH type IV neuron reported here.
The functional significance of different levels of multiple potassium and calcium ion channels in native GnRH neurons is not yet clear. However, the I A , I K , and AHP conductances have all been shown to play important roles in determining the repetitive firing patterns of neurons and are selectively modulated by neurotransmitter input (Rudy, 1988; Schwindt et al., 1988; Storm, 1990; Schoppa and Westbrook, 1999) . The expression of these channels may well be critical in determining the specific patterned activities that control neurosecretory output from GnRH neurons. It is also of interest to note that a pacemaker role has been attributed to I H (Kelly and Ronnekleiv, 1994; Pape, 1996) , and its presence in a small population of GnRH neurons may be significant in the generation of synchronized release of GnRH. Furthermore, the presence of rebound depolarization in cell types I, II, and IV would result in any coordinated inhibitory input generating synchronized firing (Huguenard, 1996; Bean and McDonough, 1998) in the GnRH neurons of this type.
Postnatal changes in GnRH neurons across puberty
Because the profile of GnRH secretion is believed to change substantially after puberty (Ojeda and Urbanski, 1994) , it was surprising to find relatively little difference between the basic membrane properties of juvenile and adult female GnRH neurons. Neurons recorded from both age groups were spontaneously active and this was shown to result almost exclusively from a substantial GABAergic barrage signaling through the GABA A receptor. This receptor has also been identified in mouse GFPGnRH and guinea pig GnRH neurons (Lagrange et al., 1995; Spergel et al., 1999) . Much of this GABA release is action potential independent and likely represents the tonic activation of extrasynaptic ␣5␤x␥2-type GABA A receptors on GnRH neurons (Brickley et al., 1996; Sim et al., 2000) .
One striking difference, however, was the presence of silenttype GnRH neurons in only the juvenile mice. Experiments revealed the presence of both inward and outward rectifiers in these cells but a complete inability to fire action potentials. Although glial cells express a range of potassium channels (Bordey and Sontheimer, 2000) , we believe that these recordings are not from glial cells because they did not contain GFAP transcripts and, further, were encountered only in juvenile mice. Intriguingly, preliminary work indicates that the Gn11-immortalized GnRH neurons, obtained from the nasal placode, are similarly unable to fire action potentials (Maggi et al., 2000) . However, the precise nature of these interesting GnRH-expressing cells remains unknown. One intriguing speculation, however, is that they may represent the forebears of the adult type III and type IV GnRH neurons, which could be of particular importance to synchronized GnRH activity.
Our data also suggest the possibility that Ca 2ϩ conductances may play a more prominent role in the cellular excitability of GnRH neurons in juveniles compared with adults. The TTXindependent Ca 2ϩ spikes (43%) and AHP conductances (38%) were observed more frequently in juvenile GnRH neurons compared with adult GnRH cells (11 and 7%, respectively). These slow spikes arise from the activation of T-type Ca 2ϩ channels (Bean and McDonough, 1998) and have also been identified in the embryonically immortalized GT1 cells (Van Goor et al., 1999b) . Intriguingly, embryonic GnRH neurons also exhibit clear periodic oscillations in their intracellular calcium concentrations (Terasawa et al., 1999) . Together, our present data suggest that either the expression of T-and N-type Ca 2ϩ channels becomes progressively lower with postnatal development or other alterations in GnRH neurons make their functional presence less obvious.
Conclusions
We provide here the first detailed account of the basic membrane properties of postnatal GnRH neurons in the mouse and show that, like other neurons, they express various conductances that underlie membrane excitability. Unexpectedly, however, we have observed a marked degree of heterogeneity in the expression of functional potassium and calcium channels that play a role in determining the firing characteristics of GnRH neurons. Developmentally, the major differences between juvenile and adult GnRH neurons were those of reduced GnRH cell type heterogeneity and a more apparent role for specific calcium channels in juvenile GnRH neurons. Other neuroendocrine phenotypes such as the oxytocin and vasopressin neurons do not exhibit substantial heterogeneity in their membrane properties (Stern and Armstrong, 1995) , whereas the tuberoinfundibular dopaminergic neurons exhibit only small degrees of variability (Loose et al., 1990) . The apparent heterogeneity in levels of channel expression within the GnRH neuronal populations may well result from their scattered distribution and likely individual microenvironments. Precisely what impact this heterogeneity has on function is not yet clear, but the present results provide critical direct evidence for the hypothesis that the GnRH neurons develop into a functionally heterogeneous population likely involved in multiple neuronal networks.
